ABSTRACT The available literature lacks information on the effect of Zakarpacki zeolite (clinoptilolite) on the immune system of poultry. Therefore, the aim of this study was to determine the effect of this zeolite on selected indicators of the immune response in poultry by evaluating the expression of cluster of differentiation (CD) surface molecules on T and B lymphocytes and the concentration of IL-2 and IL-10 in the blood. Ninety one-day-old Ross 308 broiler chicks were used in the study. The birds were divided into 3 groups of 30 each. The same basic diet was used in all groups, but groups II and III received a feed additive in the form of 2% and 3% zeolite. Blood samples were collected from all birds on the 40 th day of observations.
ABSTRACT The available literature lacks information on the effect of Zakarpacki zeolite (clinoptilolite) on the immune system of poultry. Therefore, the aim of this study was to determine the effect of this zeolite on selected indicators of the immune response in poultry by evaluating the expression of cluster of differentiation (CD) surface molecules on T and B lymphocytes and the concentration of IL-2 and IL-10 in the blood. Ninety one-day-old Ross 308 broiler chicks were used in the study. The birds were divided into 3 groups of 30 each. The same basic diet was used in all groups, but groups II and III received a feed additive in the form of 2% and 3% zeolite. Blood samples were collected from all birds on the 40 th day of observations.
Weight gain in the birds in both experimental groups was significantly higher, and no clinical symptoms of disease were observed. The percentage of CD4 + CD25 + T and B lymphocytes was higher in both groups receiving zeolite, but the percentage of CD8 + CD25 + T lymphocytes was higher only in the group receiving 3% zeolite. There were no differences between the groups in the percentage of cells with CD3 + and MHC Class II expression. Higher serum concentrations of IL-2 and IL-10 were noted only in group III. The use of zeolites enhances antigen presentation and leads to increased Th1 and Th2 response. Excessive supply of zeolite in the feed leads to a local inflammatory response, which may cause damage to the intestinal barrier.
INTRODUCTION
Contemporary poultry farming aims to intensify production while minimizing costs. One of the most important factors affecting production outcomes in poultry farming is nutrition, particularly the proper selection of raw materials for feed production and balancing of the feed ration. Recent years have seen growing interest among poultry farmers in various feed supplements used to improve the feeding efficiency, health status, and body condition of birds, as well as productivity. These include pro-and prebiotics, enzymes, organic acids, herbal preparations, detoxicants, and others. The active substances in these preparations exhibit antistress, antimicrobial, and immunostimulatory properties. These compounds include Zakarpacki zeolite (clinoptilolite), which is currently being introduced into poultry diets (Suchy et al., 2006) .
Zeolites are natural volcanic minerals. They are hydrated aluminosilicates of sodium and calcium, or less often magnesium, potassium, strontium, or boron. A characteristic feature of their structure is a system of open microchannels in the crystal structure, enabling the absorption of water and gases, including ammonia (Amon et al., 1997; Lamprecht et al., 2015) . Zakarpacki zeolite (clinoptilolite) is used in poultry farming, primarily in intensive production of broiler chickens. It is used to reduce emissions of toxic gases, mainly ammonia (Amon et al., 1997; McCrory and Hobbs, 2001) , as a feed additive (Christaki et al., 2001; Christaki et al., 2006; Suchy et al., 2006) and as a litter component (Ullman et al., 2004; Eleroglu and Yalcin, 2005) . Zeolite has also been shown to increase the bioavailability of minerals (Leach et al., 1990; Mumpton, 1999) , resulting in stimulation of numerous metabolic pathways in the 2091 organism. The use of Zakarpacki zeolite as a feed additive stimulates growth in birds by regulating ion exchange in the intestines (Roland et al., 1985; Elliot and Edwards, 1991; Wu et al., 2013a,b) , activating intestinal enzymes, and influencing the microflora of the digestive tract (Ouhida et al., 2000; Khambualai et al., 2009; Afaf et al., 2011; Wu et al., 2013c; Wu et al., 2013) . Moreover, it stimulates proliferation of intestinal epithelial cells and increases the surface area of the intestinal villi, thereby improving digestion and absorption (Albengres et al., 1985; Khambualai et al., 2009) . Zakarpacki zeolite also exhibits antibacterial effects, including activity against Salmonella spp. and Escherichia coli (Ricke et al., 1995; Afaf et al., 2011; Wu et al., 2013a; Tang et al., 2014) .
The available literature contains no information on the effect of Zakarpacki zeolite on the immune system in poultry. Theoretically, this preparation may affect immunity in two ways. Direct stimulation of intracellular adhesion molecules of enterocytes, promoting adhesion of leukocytes to the epithelium and their migration and activation, stimulates production of proinflammatory cytokines and thus the systemic immune response (Olanders et al., 2002; Pavelic et al., 2002; Cheon et al., 2006; Chretien et al., 2008) . It may also have an indirect effect by influencing the intestinal ecosystem and the maturation and development of the local immune response associated with the mucosa (mucosa-associated lymphoid tissue). The effects of zeolite on the immune system include stimulation of antibody production, protection of the intestinal barrier against antigens, and activation of synthesis of pro-and anti-inflammatory cytokines. The preparation may also function as an antigen, leading to stimulation of T and B lymphocytes, their proliferation, and the generation of antibody-producing plasma cells, regulatory lymphocytes, CD4 T helper cells and cytotoxic CD8 T cells.
Establishing the mechanisms of action of zeolite on the immune system will make it possible to explain the clinically confirmed beneficial effect of the preparation in cases of inflammatory disease in poultry. The aim of this study was to determine the effect of Zakarpacki zeolite (clinoptilolite) on selected indicators of the immune response in poultry by evaluating the expression of cluster of differentiation (CD 
MATERIAL AND METHODS

Experimental Animals and Feeding Principles
All procedures performed within this experiment were approved by the Local Ethics Committee. We used 90 one-day-old Ross 308 broiler chicks. The chicks were divided randomly into 3 groups (I, II, and III) of 30 birds each. The same basic diet was used in all groups, but groups II and III received a feed additive in the form of 2% and 3% Zakarpacki zeolite, respectively (Andalusia sp. z o.o., Poznań, Poland). The preparation contained at least 87% clinoptilolite as the active substance, with the following composition: 67.07% SiO 2 , 12.4% Al 2 O 3 , 2.09% CaO, 2.8% K 2 O, 0.9% Fe 2 O 3, 0.72% MgO, 2.05% Na 2 O, 0.19% TiO 2 , 0.04% MnO, and 0.014% P 2 O 5 . The moisture content did not exceed 6%. Feed and water were supplied ad libitum for the 40 days of the experiment. Body weight gains were determined by weighing all birds individually on the first and 40th day of the experiment. The health status of the birds was evaluated by determining behavioral and clinical parameters and the mortality rate.
Immunological Tests
Separation of PBMC The material for the study consisted of peripheral blood collected in 2 to 3 mL volumes from the wing vein into sterile test tubes containing EDTA K2 as an anticoagulant (Equimed, Warsaw, Poland). Blood samples were collected from all birds on day 40, i.e., at the end of the experiment. Peripheral blood mononuclear cells (PBMC) were separated from the blood and diluted 1:1 in Alsever's solution (glucose 18.66 g/L, sodium citrate 8.00 g/L, sodium chloride 4.18 g/L, citric acid 0.55 g/L, pH 6.1 ± 0.2) using Histopaque-1077 (Sigma-Aldrich Sp. z.o.o., Poznań, Poland) according to the manufacturer's instructions, except that BSA was added to the wash buffer (10). Briefly, at room temperature, 5 mL aliquots of Histopaque-1077 were overlaid with the mixture of blood and Alsever's and centrifuged for 30 min at 400 × g. Following centrifugation, the opaque interface was collected and washed twice at 4
• C with phosphatebuffered saline containing 0.2% BSA and 0.2% sodium azide (PBA) before centrifuging for 10 min at 250 × g at 4
• C. Cell numbers were calculated and the cell concentrations adjusted to 1 × 10 6 cells/mL for indirect fluorescent antibody labelling. Cell viability was consistently greater than 95% according to the trypan blue dye exclusion method.
Antibodies Fluorochrome-labelled monoclonal antibodies for the surface molecules of chicken lymphocytes were used for the cytometric tests: CD3:Fluorescein isothiocyanate (FITC) (clone CD3-12), CD25:FITC (clone 13504), CD4:R-Phycoerythrin (RPE) (clone 2-35), CD8a:RPE (clone 11-39), MHC Class II Monomorphic:FITC (clone 21-1A6) and Bu-1a:RPE (clone L22 Single Staining For flow cytometric analysis using monoclonal antibodies, 100 μL of the separated PBMC from each sample was used. First, 10 μL of the monoclonal antibody was added to 100 μL of the separated PBMC. After thorough mixing with a vortex mixer the samples were incubated for 30 minutes in the dark at room temperature (25
• C). Next, the cell suspension was rinsed 3 times with PBS solution, of which 500 μL was added to each sample. Following the final centrifuging and decanting of the supernatant, 500 μL of PBS was added to the resulting cell pellet, and after thorough mixing the mixture was left for 10 minutes at room temperature. The prepared samples were used for flow cytometric analysis.
Dual Staining The staining protocol was the same as in the previous section except that 2 antibodies were added. Combinations used for flow cytometry were as follows: CD25 + -CD4 + , CD25 + -CD8 + , and Bu-1a + -MHC Class II + . Flow Cytometry Flow cytometry analysis was performed on a BD FACSVerse flow cytometer (Becton Dickinson, Warszawa, Poland). Green fluorescence (from FITC) was detected on the FL1 channel (527 ± 32 nm band pass filter) and orange fluorescence (from RPE) was detected on the FL2 channel (586 ± 42 nm band pass filter). Cells were analyzed at up to 20,000 events. Flow cytometry was repeated 3 times for each sample and compared for repeatability.
Cytokine Production
On the 40th day of the experiment, cytokine production was measured in the chicken serum samples using ELISA kits (USCN Life Science Inc., Wuhan, China) for IL-2 (SEA073Ga) and IL-10 (SEA056Ga), according to the manufacturer's instructions. Optical densities of kit standards and test samples were read at 450 nm using an ELISA plate reader (Benchmark Plus Microplate Spectrophotometer System with Incubator, Bio-Rad Laboratories, CA).
Statistical Analysis
The results were analyzed statistically using SAS v. 9.2 software (SAS Institute, Cary, NC). The analysis included the arithmetic mean, standard deviation and significance of differences in mean values between the results in the experimental groups and control group (P ≤ 0.05).
RESULTS
Results of Clinical Observations
In the experimental groups, which received the clinoptilolite supplement, no clinical symptoms of disease were observed during the experiment. In the control birds, yellow diarrhea occurred briefly, lasting for 2 days and remitting spontaneously. There were also 2 deaths in the control group; anatomopathological examination of these chickens revealed catarrhal inflammation of the mucosa of the small intestine. Similar but more severe inflammatory changes were observed in the intestines of 1 dead chicken from experimental group III. Body weight gain in both experimental groups was statistically significantly higher (P < 0.05) than in the control. Detailed data are presented in Table 1 .
Results of Immunological Tests
Analysis of the results showed no statistically significant differences between groups in the percentage of lymphocytes expressing CD3 + molecules. The percentage of CD4 + CD25 + T lymphocytes was statistically significantly higher (P < 0.05) in all the groups whose feed was supplemented with zeolite than in the control, with the highest values noted in group III. In contrast, the percentage of CD8 + CD25 + T lymphocytes was statistically significantly higher (P < 0.05) only in group III. The CD4 + :CD8 + ratio in the chickens in groups II and III was statistically significantly higher (P < 0.05) than in group I (the control).
Statistically significant differences between groups were also noted for the percentage of B lymphocytes with expression of BU-1 + and MHC Class II + molecules. The percentage of these cells was significantly higher (P < 0.05) in the experimental groups than in the control, with the highest values obtained in group III. The percentage of BU-1 + lymphocytes was significantly higher (P < 0.05) in experimental group II than in the control group I or in group III. The percentages of cells with expression of MHC Class II molecules were comparable in the control group and experimental group II. Statistically significantly higher (P < 0.05) values for this parameter were observed in experimental group III. Detailed data are presented in Table 2 .
Results of Cytokine Concentration
The highest concentration of IL-2 in the chicken serum was noted in group III and was statistically significantly higher than in groups I and II. A similar difference was noted between group III and groups I and II for the concentration of IL-10. Detailed data are presented in Figures 1 and 2. 
DISCUSSION
The growing interest in the use of zeolites as feed additives for poultry necessitates the assessment of the effects of these compounds on health and production parameters, as well as their role in modulating immune function in birds. The beneficial effect of zeolite shown in the study may be improvement in the digestibility of feed components and the effect of the preparation on the secretion of digestive enzymes (Ouhida et al., 2000; Wu et al., 2013c,d ). The precise mechanism of action of zeolites at the molecular level, leading to their effect on animal growth, is as yet unknown. Zeolites, including the clinoptilolite used in our study, are compounds be- lieved to be rich in macro-and micronutrients essential to the proper growth and development of the organism. In ionized form these nutrients are rapidly absorbed and dislocated to various organs, favorably affecting their metabolism and biological functions (Wu et al., 2013c; Zhou et al., 2014) . The results of our study demonstrate that body weight gains in broilers whose feed contained a 2% or 3% clinoptilolite supplement were significantly higher than in the control group, whose feed did not contain zeolite. The increased body weight gain in the chickens in the experimental groups in comparison with the control indicates a beneficial effect of zeolite on the energy balance in the birds, which may also be linked to immune system efficiency (Hu et al., 2013; Lamprecht et al., 2015) . Efficiently acquired metabolic energy is probably used in the activation and proliferation of lymphocytes involved in the immune response to antigens. However, the modulatory or suppressive effect of zeolites on the body's defense mechanisms is not well known. T and B lymphocytes are known to play the most important role in immune defense in poultry, and the first line of defense is T lymphocytes stimulating the immune system to respond to infectious or stress-inducing agents (Zekarias et al., 2002) . Our study found no significant differences in the percentage of lymphocytes expressing CD3 + molecules. However, the 3% zeolite feed supplement caused a statistically significant increase (P < 0.05) in the percentage of cells expressing CD4 + CD25 + , CD8 + CD25 + , and MHC II, as well as in the CD4:CD8 ratio, in comparison with the control. In the group of broilers receiving feed with a 2% zeolite supplement, an increase was noted only for the percentage of CD4 + CD25 + cells and the CD4:CD8 ratio. These results show that feed supplementation with zeolite stimulates the lymphocyte proliferation process, particularly of CD4 + T cells. The increase in the percentage of these cells in the experimental groups may be linked to their stimulation by zeolite as an antigen (Ozesmi et al., 1986) .
The increase in the percentage of CD4 + CD25 + cells and in the CD4:CD8 ratio shown in this study may indicate a modulatory activity of zeolites with respect to Th1 (T helper 1) and Th2 (T helper 2) lymphocytes, resulting in a multi-faceted response of the organism to exogenous and endogenous antigens (Arstila et al., 1994; Colić and Pavelić 2000) . As superantigens, zeolites are also responsible for the development of local inflammation, in which accumulated macrophages release large quantities of free oxygen radicals (Olanders et al., 2002) . Besides reactive oxygen species, activated macrophages release tumor necrosis factor (TNF), which together with other cytokines and calcium compounds stimulates splenic T cells (Pavelic et al., 2002; Hu et al., 2013; Lamprecht et al., 2015) . This effect of zeolite is indicated by the results of the immunological tests in group III, in which the addition of 3% zeolite to the feed caused an increase in the percentage of CD4 + and CD8 + T lymphocytes in the broilers. These data, together with the increase in IL-2 in this group, indicate the activation of lymphocytes involved in the cellular response, particularly the promotion of proliferation and activity of cytotoxic T lymphocytes. The results of the immunological tests show that the local inflammation caused by zeolite activates a cascade of reactions promoting a pro-inflammatory phenotype of Th1CD4 + cells. At the same time, activated Th2 lymphocytes releasing IL-10 limit cytokine production by Th1 lymphocytes and inhibit the cellular response. This phenomenon, known as split tolerance, lasts a short time and may lead to breakdown of the immune barrier, resulting in damage to the organism through dominance of the inflammatory response. It should be noted that the 40-day period of zeolite application in our study is not long enough for the development of an excessive inflammatory process that would be visible in the clinical examination of the birds. Nevertheless, viral, bacterial, or parasitic infections often occurring in birds, e.g., coccidiosis, may cause additional damage to the intestinal mucosa and lead to stimulation of additional defense mechanisms, disrupting the homeostasis of the organism.
Our study also showed an increase in the CD4:CD8 ratio in both experimental groups in comparison with the control. These results suggest that zeolite confers a benefit on immune function in broiler chicks and may enhance the resistance of broiler chicks to infectious diseases (Tarpey et al., 2007) . CD4 + CD25 + lymphocytes in poultry also serve as regulatory Treg cells, which produce cytokines and have an immunosuppressive effect. Their task is mainly to suppress an excessive immune response to endogenous and exogenous antigens (Yu et al., 2015) . The high percentage of CD4 + CD25 + in the group III chickens, together with the high concentration of IL-10, indicates that some of these cells have an immunosuppressive role and as regulator cells will be responsible for inhibiting an inflammatory response caused by excessive supply of zeolite. Lymphocytes with increased CD25 + expression may indirectly influence B cells and their differentiation into plasmatic cells producing antibodies (Shanmugasundaram and Selvaraj, 2011) . This phenomenon was observed in the group II chickens, in which an increase was noted in the percentage of cells with BU-1 + and BU-1 + -MHC Class II + expression. These results may indicate co-stimulation of a cellular and humoral response and the involvement of immune processes in maintaining relative homeostasis in the organism ).
An interesting association was shown in the study with respect to the percentage of B lymphocytes. In the group of chickens receiving a 2% zeolite supplement in their feed, a statistically significantly higher percentage of B lymphocytes with BU-1 + expression was observed than in the control. In the group receiving 3% zeolite, the percentage of these cells was lower and similar to the control. An increased percentage of B lymphocytes is linked to the synthesis of large quantities of antibodies, which protect the organism against infection. Studies by Zhou et al. (2014) and Tang et al. (2014) showed that when zeolite was used as a feed supplement for chickens, the sIgA titre increased in the epithelium of the small intestine, which indicates the activation of B cells and an increase in the defensive potential generated by the local immune system of the intestinal mucosa (GALT -gut-associated lymphoid tissue). A similar association was shown in our study, in which the higher percentage of B lymphocytes in group II effectively protected the chickens against infections. This effect of zeolite was not observed in group III, in which the percentage of B cells was similar to the control.
There is a close relationship between IL-2 and the maturation and proliferation of T lymphocytes. Our study showed a statistically significant increase in the concentration of IL-2 in the group III chickens, which together with the increased percentage of cells with CD4 + and CD8 + expression indicates a developing inflammatory process, in which cytotoxic CD8 + T lymphocytes have the primary role (Pardoll, 2002; Blachere et al., 2006; Tarpey et al., 2007; Rochman et al., 2009) . A lack of balance between the activities of pro-and anti-inflammatory cytokines is one of the crucial mechanisms in the pathogenesis of intestinal infections, responsible for damage to the intestinal mucosa. Research on clinoptilolite has shown that it stimulates the epithelial cells of the stomach and intestines, leading to the activation of a systemic immune response characterized by the release of cytokines (Pavelic et al., 2002) . Different results were obtained by Wu et al. (2013) , who showed that the use of clinoptilolite in poultry decreased the concentration of pro-inflammatory and anti-inflammatory cytokines, such as TNF-α, IL-1, and IL-10, resulting in decreased permeability of the intestinal mucosa. Analysis of the results of our study leads to the conclusion that IL-2 enhances the cellular response in poultry to eliminate zeolite as a pathogen for the organism. This cytokine may also have promoted the proliferation of regulatory lymphocytes, thereby suppressing an excessive inflammatory response. This hypothesis may be confirmed by the statistically significantly higher concentration of IL-10 in group III in comparison with the other groups, which limited the intensity of the inflammatory response and supported the humoral immune response, while at the same time inhibiting production of Th1 cytokines. A higher concentration of IL-10 in the process of inhibiting inflammation may be linked to the greater biocompatibility and lower toxicity of zeolite (Lemprecht et al., 2015) .
Analysis of our results indicates that of the dosages studied, the addition of 2% zeolite to feed is the most beneficial for poultry in terms of health, productivity, and immunity. This dosage of the preparation had a positive effect on body weight gain in the birds and ensured their good condition and health. The increased concentration of cytokines in the chickens receiving zeolites demonstrates that zeolites influence immunocompetent cells, regulating the intensity of the organism's immune response. The use of zeolites as a feed supplement increased antigen presentation in the broilers and caused changes in the population of T cells and their function, leading to increased expression of regulatory T cells and polarization towards Th1 or Th2. On the other hand, an excessive supply of zeolite in the feed caused a local inflammatory response, which may lead to damage to the intestinal barrier and to secondary infections. Determination of the effect of zeolite on the functions of the local immune system of the intestinal mucosa (GALT) requires further study.
